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SUMMARY 
Conventionally, levels of inbreeding for livestock animals are estimated analyzing pedigree data. 
The recent availability of high density SNP arrays for the bovine genome has provided the 
opportunity for investigation of levels of autozygosity based on runs of homozygosity (ROH). A run 
of homozygosity is a continuous segment of DNA sequence without heterozygosity in the diploid 
state. Levels of homozygosity derived from ROH are recognized as potential inbreeding measure in 
livestock animals. Here we compare levels of homozygosity derived from proportion of ROH in 
genome (FROH) and pedigree inbreeding estimates (Fped). We analyzed genotype and pedigree data 
from 1687 animals from four cattle breeds (Brown Swiss, Norwegian Red, Tyrol Grey and 
Fleckvieh – dual purpose Simmental). Distribution of ROH was obtained by PLINK software, while 
proportions of genome in ROH were calculated for five cut-off lengths (1Mb, 2Mb, 4Mb, 8Mb, 
16Mb). Pedigree data was analyzed by PEDIG software and inbreeding coefficients for complete 
pedigree (average complete generation equivalents ranging from 6.46 to 9.02 for the four breeds) 
and over 5 generations were calculated. Levels of autozygosity from pedigree information were 
similar to those derived from ROH >8Mb. The strongest correlations with pedigree inbreeding 
coefficients were obtained between levels of homozygosity derived from ROH for cut-off length of 
4Mb (FROH4 ) and inbreeding coefficients for complete pedigrees (FpedT) varying from 0.619 for 
Norwegian Red up to 0.705 for Tyrol Grey.  We conclude that proportion of the genome arranged in 
long homozygous segments provides a good indication of inbreeding levels and that the choice of 
cut-off lengths of ROH allows determining autozygosity derived from recent or remote ancestors. 
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 INTRODUCTION  
An increase of inbreeding level is manifested through loss of genetic variation and emergence of 
inbreeding depression.  Conventionally, inbreeding levels in livestock animals are calculated from 
pedigree records using methodology originally proposed by Wright (1922). Development of 
molecular markers provided opportunity for studying inbreeding by measuring loss of 
heterozygosity. According to this, measures of levels of multilocus heterozygosity were considered 
as counterparts for inbreeding coefficients (Coltman et al. 1999). However it seems that multilocus 
heterozygosity is a rather poor indicator of inbreeding level. Recently, new measures of inbreeding 
levels derived from SNP markers, based on variance of genotype values, were introduced by Van 
Raden (2008) and Yang et al. (2010). 
The availability of high density SNP arrays provides the opportunity to scan the bovine genome for 
runs of homozygosity (ROH). A run of homozygosity (ROH) essentially is a continuous segment of 
DNA sequence without heterozygosity in the diploid state. Definition of ROH is still not 
straightforward since different studies used different criteria regarding the minimum length of ROH, 
number of SNP in ROH and presence of a small number of heterozygote genotypes (Ku et al. 
2011). 
Inbreeding to a common ancestor is considered as the major mechanism for emergence of ROH. 
Offspring inherits chromosomal segments that are identical-by-descent from both parents. Due to 
this, long ROH are generated by inbreeding to a recent ancestor while short segments reflect 
inbreeding from distant generations. A first study focused on runs of homozygosity in the human 
genome was presented by Broman and Weber (1999); they screened several referenced families to 
identify long chromosomal segments using microsatellites markers. However ROH did not receive 
serious attention until first study using SNP array was carried out by Gibson et al. (2006). This was 
followed by a number of studies using ROH in population genetics studies (Kirin et al., 2010) 
(McQuillan et al., 2008) (Nothnagel et al., 2010) as well as for association studies focusing on 
association between ROH and complex diseases and traits (Lencz et al., 2007). Runs of 
homozygosity may also be used in animal genetics for estimation of inbreeding levels. Measures of 
inbreeding based on ROH could then further be used for estimation of inbreeding depression.   
One reason to utilize information from ROH for inbreeding estimation is that inbreeding estimates 
based on pedigree records have several drawbacks. Several studies confirmed that errors in cattle 
pedigrees are very common (e.g., Ron et al. 1996). Pedigree errors appear due to mismothering, 
misidentification and incorrect recording procedure. In addition, pedigree inbreeding estimates the 
proportion of the genome that is identical by descent with respect to a rather poorly defined founder 
generation. Animals in base population are considered to be unrelated causing a failure to capture 
the influence of relatedness of individuals of this base population.  In addition, on average half of 
gamete’s genome has a maternal origin and another half paternal origin but this average has a high 
variance and it increases with new meiosis (Carothers et al. 2006). According to this, pedigree 
based inbreeding coefficient are not very exact estimates of true levels of inbreeding.  
To compare results derived from conventional estimates of inbreeding with those derived from 
ROH, we calculated levels of autozygosity based on ROH and pedigree inbreeding coefficients in 
1687 bulls from four cattle breeds (Brown Swiss, Norwegian Red, Tyrol Grey and Fleckvieh (dual-
purpose Simmental)). We correlated measures of homozygosity derived from ROH (FROH) with 
pedigree inbreeding coefficients (Fped). Additionally, we used information from ROH profiles and 
knowledge of breed histories in order to explain their inbreeding past.   
 
MATERIALS AND METHODS 
 Genotype data from 1687 bulls were obtained and analyzed for ROH. Additionally, pedigree 
inbreeding coefficients over 5 generations (Fped5) and for complete pedigree were calculated (FpedT).  
The animals originated from four different cattle breeds:  469 Brown Swiss, 502 Fleckvieh (dual-
purpose Simmental), 217 Tyrol Grey and 499 Norwegian Red. 
The pedigree records and genotype data were provided by Geno SA for Norwegian Red and by 
ZuchtData EDV-Dienstleistungen GmbH for three other breeds. Birth years of genotyped bulls were 
in range of 1970 – 2006 for Brown Swiss, 1996 – 2004 for Norwegian Red, 2001 – 2004 for 
Fleckvieh and 1970 – 2006 for Tyrol Grey (Table 1). The completeness of pedigrees was evaluated 
with the number of complete generation equivalents (Boichard et al., 1997, Sölkner et al., 1998). 
Sets of young genotyped animals were selected in case of Fleckvieh and Norwegian Red while for 
Brown Swiss and Tyrol Grey, genotype data from all animals provided were included in 
calculations. 
Table 1 Total number of animals in pedigree, reference population, average complete generation equivalents, 
range of birth year and range of birth year (reference population) 
Breed Total number of animals in pedigree 
Reference 
population 
Complete 
generation 
equivalent 
Range of 
birth years 
Range of birth years 
(reference population) 
Brown 
Swiss 5482 463 8.19 (±1.16) 1925 - 2006 1970 – 2006 
Norwegian 
Red 9921 498 9.02 (± 0.58) 1917 - 2004 1996 – 2004 
Tyrol Grey 1647 215 6.46 (± 1.19) 1950 -  2006 1970 – 2006 
Fleckvieh 41090 502 7.30 (± 0.41) 1930 - 2010 2001 – 2004 
 
Pedigree data was analyzed with PEDIG software package (Boichard, 2002). Complete generation 
equivalents and inbreeding coefficients were calculated using ngen.f and vanrad.f routines of this 
package. Inbreeding coefficients were calculated taking 5 generations (Fped5) and complete pedigree 
(FpedT) into account. Average of complete generation equivalents were calculated for genotyped 
animals of each breed taking into account all known ancestors (Table 1.)   
All 1687 animals were genotyped using Illumina Bovine SNP 50k Bead chip technology. Genotype 
data from all four breeds were merged into one data set. Markers with gc_score lower than 0.2 were 
excluded from data sets of each breed. Data sets of each breed contained different number of 
genotypes for SNP markers (Brown Swiss = 51515, Norwegian Red = 47471, Fleckvieh= 51582, 
Tyrol Grey = 47270). A data set including autosomal SNP markers common for all four cattle 
breeds was composed of 42422 SNP markers. Furthermore, SNP markers with minor allele 
frequency lower than 1% were removed from final data set as well as those with more than 5% 
missing genotypes. Also, all animals with more than 5% missing genotypes were excluded. Finally, 
the total number of genotyped individuals in the data set was 1678 while the total number of 
genotypes for SNP markers was 36273. Quality control was conducted using SAS software v9.1.3 
(SAS Institute Inc., 2009) and PLINK (Purcell et al., 2007). Runs of homozygosity were detected 
by PLINK  with sliding windows of 1000kb, minimum number of 15 SNP and 5 missing calls; no 
heterozygous calls were allowed. Maximum gap between two consecutive homozygous SNP was 
set to 1Mb; otherwise a run of homozygosity was split in two segments. 
Individual levels of autozygosity (FROH) were calculated as the proportion of genome in runs of 
homozygosity over the overall length of the genome covered by the SNP involved. Size of the 
genome covered by SNP was calculated using a reference map file derived from all four breeds 
(2543177.309 kb).  Five cut-off lengths were used to calculate proportion of genome covered with 
ROH (>1Mb, >2Mb, >4Mb, >8Mb, >16Mb). Correlations between levels of homozygosity (FROH1, 
FROH2, FROH4 FROH8, and FROH16) and pedigree inbreeding coefficients (Fped) were calculated. In 
addition, ROH profiles were obtained by plotting number of ROH versus proportion of genome in 
ROH for five cut-off lengths (>1Mb. >2Mb, >4Mb, >8Mb, >16Mb). ROH profiles were also 
provided for 100 individuals with extreme FpedT values. We selected 50 animals with minimal FpedT 
and 50 animals with maximum values FpedT, selecting only animals with a minimum number of 5 
complete generation equivalents. Results obtained from PLINK were analyzed using SAS and R (R 
Development Core Team, 2009). Plots and graphs were made in R. 
 
RESULTS 
We calculated Fped and FROH for 1678 animals from four different breeds. Size and completeness of 
pedigree records is presented in Table 1. Average complete generation equivalents for genotyped 
animals ranged from 6.461 (± 1.189) for Tyrol Grey to 9.025 (± 0.584) for Norwegian Red 
indicating good quality of pedigree data.  
Brown Swiss population was distinguished from the other three breeds in having on average the 
highest values for all categories of FROH as well as for FpedT and Fped5. Thus, the average value for 
FROH1 was 0.142 (±0.036) while averages for FROH8 and FROH16 were 0.066 (±0.031)  and 0,033  
(±0.024)  respectively, almost double compared to the Norwegian Red population who had second 
highest average value for FROH8  and FROH16 (Table 2). Values for FpedT and Fped5 were 0.041 (± 
0.022) and 0.0214 (± 0.018), values considerably higher than in the other three breeds (Table 2). In 
addition, Brown Swiss population had on average the largest number of ROH 92.5 (±10.99) and on 
average the longest segments 3.88 Mb (±0.77) (Table 3) compared to the other three breeds (see 
also Figure 1).  
Table 2 Mean, standard deviation and range of  levels of homozygosity derived from ROH (FROH) and 
pedigree inbreeding coefficients for complete pedigree (FpedT) and over 5 generations (Fped5) 
 Brown Swiss Norwegian Red 
 Mean Standard deviation Range Mean Standard deviation Range 
FpedT 0.041 0.022 0 - 0.127 0.021 0.014 0 - 0.095 
Fped5 0.021 0.018  0 - 0.107 0.01 0.012 0 - 0.082 
FROH1 0.142 0.036 0.047 - 0.273 0.096 0.025  0.027 - 0.019 
FROH2 0.115 0.036  0.019 - 0.252 0.072 0.025 0.003 - 0.168 
FROH4 0.093 0.035 0.004 - 0.227 0.053 0.024 0 - 0.145 
FROH8 0.066 0.031  0  - 0.194 0.033 0.207 0 - 0.121 
FROH16 0.033 0.024 0 - 0.154 0.015 0.016 0 - 0.09 
 Tyrol Grey Fleckvieh 
 Mean Standard deviation Range Mean Standard deviation Range 
FpedT 0.024 0.022  0 - 0.167 0.014 0.013 0 - 0.09 
Fped5 0.016 0.020  0 - 0.159 0.009 0.012 0 - 0.085 
FROH1 0.078 0.027 0.034 - 0.234 0.085 0.020  0.028 - 0.183 
FROH2 0.053 0.027 0.011 - 0.213 0.052 0.019 0.009 - 0.150 
FROH4 0.041 0.027  0 - 0.203 0.030 0.017 0.002 - 0.124 
FROH8 0.030 0.026 0 - 0.183 0.016 0.016 0 - 0.102 
FROH16 0.016 0.020 0 - 0.140 0.008 0.012  0 - 0.062 
 
Fleckvieh had the lowest FROH values except for FROH1 = 0.085 (± 0.02). The average pedigree 
inbreeding coefficients were also the lowest comparing to other three breeds with FpedT = 0.014 
(±0.013) and Fped5 = 0.009 (± 0.012) (Table 2).  Further, Fleckvieh population comparing to other 
breeds had on average the shortest ROH length 2.36 Mb (±0.42) while average number of ROH was 
high, 90.38 (± 12.71) (Table 3).  
Figures 1 and 2 provide a visualization of the patterns (number and total length) of ROH in the four 
breeds. Average value for ROH in category (1 – 2Mb) was over 80Mb for Fleckvieh while values 
for other three breeds were between 60Mb and 70Mb (Figure 2). For Fleckvieh, averages gradually 
declined from categories (2 – 4Mb) up to category (>16Mb) (Figure 2).  
 
Table 3 Mean, standard deviation (SD) and range of number of ROH, total length in ROH (>1Mb) and 
average length of ROH (Mb) 
  Number of ROH 
(>1Mb) 
Total length in ROH (Mb)  
>1Mb 
Average length of  ROH 
(Mb) 
Brown Swiss Mean 
(SD) 
92.5 (± 11.0) 360.7 (± 91.2) 3.87 (± 0.77) 
Range 59 – 117 118.8 - 694.7 1.74 - 7.39 
Norwegian 
Red 
Mean 
(SD) 
77.2 (± 10.1) 243.9 (± 63.7) 3.14(± 0.64) 
Range 45 – 106 69.7 - 484.5 1.48 - 5.82 
Tyrol Grey Mean 
(SD) 
68.73 (± 9.63) 199.1 (± 68.3) 2.89 (± 0.87) 
Range 48 – 98 85.6 - 595.1 1.64 - 7.62 
 Fleckvieh Mean 
(SD) 
90.38 (± 12.71) 214.9 (± 51.5) 2.36 (± 0.42) 
Range 41 – 124 70.1 - 465.6 1.61 - 4.23 
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Figure 1 Individual patterns of ROH over 1Mb. The number of ROH compared to the total length in ROH 
for individuals from four analyzed breeds 
Norwegian Red population had considerably higher average only for category (1 – 2 Mb)  while 
other categories showed small variation in average values (Figure 2). Brown Swiss is characterized 
by very high averages for categories including long segments in comparison to other breeds (Figure 
2). Thus, Brown Swiss population had the highest values for categories (8 – 16Mb) and (>16Mb) 
with average values of over 80Mb for these two categories (Figure 2) 
 Figure 2 Distribution of ROH in four analyzed breeds. The average total length in ROH in 5 length 
categories for each breed 
 Tyrol Grey also had markedly higher proportion of genome covered with ROH in category (1 – 
2Mb) while proportion of ROHs increases from category between (4 – 8 Mb) toward category (> 
16Mb).  
Correlations between Fped and FROH estimates ranged from r=0,485 between Fped5 and FROH1 in case 
of Norwegian Red to r=0,714 between FpedT and FROH1 in case of Brown Swiss (Table 4). 
Generally, correlations between FpedT and FROH for all cut-off lengths were approximately in same 
range for all breeds except Norwegian Red population which had somewhat lower correlations 
(Table 4). Further, FpedT showed higher correlations with FROH for all cut-off lengths than Fped5. 
Comparing FROH and Fped values, the strongest correlations were detected between FROH4 and FpedT 
across all four breeds varying from r=0,619 for Norwegian Red to r=0.705 for Tyrol Grey.  
Table 4 Correlation between pedigree levels of inbreeding (FpedT, Fped5) and levels of homozygosity derived 
from ROH (FROH)  
 
 Brown Swiss Fleckvieh Norwegian Red Tyrol Grey 
FpedT Fped5 FpedT Fped5 FpedT Fped5 FpedT Fped5 
FpedT 1.000 0.941 1.000 0.959 1.000 0.940 1.000 0.963 
Fped5 0.941 1.000 0.959 1.000 0.940 1.000 0.963 1.000 
FROH1 0.714 0.628 0.649 0.617 0.602 0.485 0.694 0.660 
FROH2 0.713 0.627 0.679 0.652 0.600 0.490 0.701 0.666 
FROH4 0.699 0.625 0.704 0.683 0.619 0.522 0.705 0.681 
FROH8 0.647 0.595 0.699 0.682 0.605 0.530 0.703 0.690 
FROH16 0.563 0.542 0.673 0.661 0.533 0.499 0.670 0.676 
 
 
ROH profiles of animals with extreme FpedT estimates are shown in Figure 3. The two extreme 
groups are separated from each other and with regard to ROH profiles. Animals with minimal FpedT 
had not more than 150Mb of genome in ROH and not more than 20 ROH except one outlier (Figure 
3). In contrast, most of the animals with high FpedT had more than 200Mb of their genome in ROH 
except three animals that had a lower amount of genome in ROH.  
  
Figure 3 The ROH profile of animals with extreme values for FpedT;  
red triangles: 50 animals with minimal FpedT, black circles: 50 animals with maximum FpedT 
DISCUSSION 
We analyzed animals from four cattle breeds with different inbreeding background in order to 
derive levels of autozygosity based on ROH (FROH). Furthermore, we correlated Fped and FROH 
values and obtained relatively high correlations which imply that FROH provides a solid indication of 
individual level of inbreeding. Additionally analyzing breeds ROH profiles we extract information 
regarding inbreeding history and evaluate it comparing with the present knowledge of their 
inbreeding past. 
Average values for FpedT varied between 0.014 for Fleckvieh up to 0.041 for Brown Swiss and a 
similar range of values was obtained for FROH8 and FROH16 among all four breeds (Table 2). This 
indicates that inbreeding estimated from pedigree data has recent origin. On the other hand, values 
for FROH1, FROH2 and FROH4 had higher values varying between 0.030 for Fleckvieh up to 0.142 for 
Brown Swiss (Table 2). According to this we state that Fped is mainly explaining recent inbreeding 
while inbreeding coefficients based on ROH can capture inbreeding originating from far past if we 
take into account shorter ROH.  Co-occurrence of ROH in regions with extended linkage 
disequilibrium (LD) and low recombination rates is reported in human studies of outbred 
populations (Gibson et al. 2006, Curtis et al. 2008). Due to this common extended haplotypes can 
partly contribute to high FROH estimates with shorter cut-off values. Additionally, substantial 
differences in defining criteria for ROH as well as differences in algorithms for detection of ROH 
can be taken into account as possible factors influencing FROH estimates.  
Analyzing correlations between FROH and Fped estimates we do not observe substantial differences 
(Table 4). However, correlations between pedigree inbreeding and FROH4 and FROH8 are slightly 
higher than for other FROH estimates (Table 4). No similar studies in animal genetics have been 
carried out for comparison. Still, human studies can provide some information. For instance, the 
correlation (r=0.86) calculated between measures based on proportion of ROH (>1.5Mb) in genome 
and pedigree inbreeding estimates from inhabitants of the Orkney Islands (McQuillan et al., 2008) 
was higher compared to our results in similar categories of ROH (FROH1, FROH2). The strongest 
correlations we obtained for FROH1 were 0.714 for Brown Swiss while the lowest one for FROH1 was 
0.485 for Norwegian Red (Table 4). Lower correlations could be explained by poor pedigree 
estimation caused by errors in cattle pedigree records compared to the pedigree of the human 
population residing in a remote area. 
In Figure 3, we notice that number and length of ROH increase with increase of pedigree 
inbreeding. In addition, we can easily distinguish animals with minimal and maximal inbreeding 
coefficients with regard to ROH pattern. Animals with minimal FpedT estimates has small proportion 
of genome in ROH (<200Mb) along with the small number of ROH (Figure 3) except one outlier. 
On other side animals with maximal FpedT estimates have a large proportion of genome in ROH 
along with increase of number of ROH with outliers. We assume that the outlier from the group 
with minimal FpedT estimates is a consequence of pedigree errors while outliers from the group with 
maximal FpedT estimates could potentially represent animals with inbreeding accumulated over a 
large number of generations.  
FROH estimates confirmed the comparatively high level of inbreeding of the Brown Swiss bulls 
involved in the analysis. While most of these bulls are of Austrian origin, very large portions of 
their pedigrees trace back to the U.S. Brown Swiss population, with imports of semen starting in the 
early 1970ies (Sölkner et al., 1998). The U.S. Brown Swiss population is genetically small, mostly 
derived from 21 male and 169 female animals imported from 1869 to 1906 (Yoder and Lush, 1936). 
Unfortunately, information of large parts of the U.S. pedigrees tracing the ancestry further back was 
not available for analysis. The relatively high levels of pedigree inbreeding and of long ROH (Table 
2, Figure 2) are due to the import of semen of a limited number of U.S. bulls and subsequent 
interbreeding. Considering runs of homozygosity of 1Mb or longer, the average level of 
autozygosity of this population is 0.142, much higher than the 0.042 based on the pedigree 
information available but consistent with the history of the breed derived from a small number of 
animals imported to the U.S. about 100 to 150 years ago. 
Fleckvieh is a population with a large effective population size, partly due to the fact that breeding 
work was until recently performed in independent regional associations (Sölkner et al., 1998). 
Using microsatellite markers Medugorac et al. (2009) found a large effective population size of 410 
for this breed. This is consistent with the small proportion of autozygous genome and the relatively 
large number of short (1 – 2 Mb) segments. 
Tyrol Grey is a local breed with small population size (<5000 registered cows). The breeding 
program involves a bull testing scheme with artificial insemination and natural mating. Sölkner et 
al. (1998) and subsequent analyses (unpublished) indicated substantially more inbreeding than for 
Fleckvieh for concurrent reference populations. The breed was also involved in the study of 
Medugorac et al. (2009), the effective population size was 200. ROH analyses confirm the result 
that the level of inbreeding is relatively low relative to the very small population size.  
Norwegian Red is known by high heterogeneity which is result of historic admixture (Sodeland et 
al., 2011). In 2008, effective population size of Norwegian Red was 173 (Garmo R. T., 2009) and 
among the four breeds analyzed only Fleckvieh has larger effective population size (Sölkner et al. 
1998). Maintaining of large effective population size is established through control of inbreeding 
and gene flow by importing sires from other Nordic countries. The ROH pattern of Norwegian Red 
indicates equal distribution of autozygosity between short segments (1 – 4 Mb) and long segments 
(> 4Mb) (Table 2).  Additionally, Norwegian Red exhibit little variation in distribution of different 
length categories of ROH (Figure 2). Mean value of FpedT  for Norwegian Red population 
correspond the best with FROH8 and FROH16 estimates and it is in the same range as for Fleckvieh and 
Tyrol Grey. 
In conclusion, levels of autozygosity derived from ROH provide a very good indication of 
individual inbreeding level particularly in case when pedigree data are not available. Additionally, 
levels of autozygosity derived from ROH provide more information about inbreeding to remote 
ancestors. Finally, applying the observational approach of ROH instead of the probabilistic 
approach of pedigree analysis most likely gives more precise information about individual levels of 
autozygosity. 
 
ACKNOWLEDGMENTS 
This master thesis would not have been possible without the support of many people. First and for 
most my sincerest thanks go to Prof. Johann Sölkner for providing me supervision, advices and 
guidance as well as for giving me extraordinary experiences throughout the work. I gratefully 
acknowledge Maja Ferenčaković who has taught how to handle softwares that I needed as well as 
for invaluable help during data analysis.   
Also, I gratefully thank to my co-supervisors Trygve Roger Solberg and Gunnar Klemetsdal for 
their advices, guidelines and proof reading of my master thesis paper. 
My father Sead and mother Ajiša deserve special mention for their constant support throughout my 
life. Many thanks go to Elvedin and Ermin for being supportive and caring brothers. Further, I 
would to thank my girlfriend Mirela Hamidović for supporting and encouraging me to pursue this 
degree.   
Additionally, I would like to thank the ZuchtData EDV –Dienstleistungen Gmbh and Geno SA for 
providing genotype and pedigree data used in master's thesis. 
Finally, I am very grateful to EM-ABG Consortium for providing me opportunity to be part of the 
programme and to European Union for financial support through an Erasmus Mundus scholarship. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
REFERENCES 
 
Boichard D., L. Maignel, É. Verrier. (1997) The value of using probabilities of gene origin to 
measure genetic variability in a population. Genetics Selection Evolution. 29: 5-23. 
 
Boichard D. (2002) Pedig: a Fortran package for pedigree analysis suited for large populations. 
 
Broman K.W., J.L. Weber. (1999) Long Homozygous Chromosomal Segments in Reference  
Families from the Centre d’Étude du Polymorphisme Humain. American Journal of Hum 
Genetics. 65, 1493-1500. 
 
Carothers A.D., I. Rudan, I. Kolcic, O. Polasek, C. Hayward, A.F. Wright, H. Campbell, P. Teague, 
N.D. Hastie, J.L. Weber. (2006) Estimating human inbreeding coefficients: comparison of 
genealogical and marker heterozygosity approaches. Annals of Human Genetics 70 666-676.  
 
Coltman, DW., Pilkington J.G., Smith J. A., Pemberton J.M.(1999) Parasite-mediated selection 
against inbred Soay sheep in a free-living, island population, Evolution 53: 1259-1267 
 
Curtis D., A.E. Vine, J. Knight. (2008)  Study of Regions of Extended Homozygosity Provides a 
Powerful Method to Explore Haplotype Structure of Human Populations. Annals of Human 
Genetics. 72,  261-278. 
 
Garmo R. T. (2009) The significance of Sustainable Breeding and Management Programs on 
Reproductive Performance in Norwegian Red Cows. Ph.D. dissertation, Norwegian School 
of Veterinary Sciences, Oslo 
 
Gibson J., N.E. Morton, A. Collins (2006)  Extended tracts of homozygosity in outbred human 
populations. Human Molecular Genetics. 15, 789 -795. 
 
Kirin M., R. McQuillan, C.S. Franklin, H. Campbell, P.M. McKeigue, J.F. Wilson (2011) Genomic 
Runs of Homozygosity Record Population History and Consanguinity. PLoS ONE. 5, 
e13996. 
 
Ku C.S., N. Naidoo, S.M. Teo, Y. Pawitan. 2010. Regions of homozygosity and their impact on 
complex diseases and traits. Human Genetics. 129: 1-15. 
 
Lencz T., C. Lambert, P. DeRosse, K.E. Burdick, T.V. Morgan, J.M. Kane, R. Kucherlapati, A.K. 
Malhotra (2007)  Runs of homozygosity reveal highly penetrant recessive loci in 
schizophrenia. Proceedings of the National Academy of Sciences. 104,  19942 -19947. 
 
McQuillan R., A. Leutenegger, R. Abdelrahman, C. Franklin, M. Pericic, L. Baraclauc, N. 
Smolejnarancic, B. Janicijevic, O. Polasek, A. Tenesa. (2008) Runs of Homozygosity in 
European Populations. The American Journal of Human Genetics. 83, 359-372. 
 
Medugorac I., Medugorac A.N.A., Russ I., Veit-Kensch C.E., Taberlet P., Luntz B., Mix H.M., 
Förster M. (2009) Genetic diversity of European cattle breeds highlights the conservation 
value of traditional unselected breeds with high effective population size. Molecular 
Ecology 18, 3394-410. 
 
Nothnagel M., T.T. Lu, M. Kayser, M. Krawczak (2010)  Genomic and geographic distribution of 
SNP-defined runs of homozygosity in Europeans. Human Molecular Genetics. 19, 2927 -
2935. 
 
Purcell S., B. Neale, K. Todd-Brown, L. Thomas, M.A.R. Ferreira, D. Bender, J. Maller, P. Sklar, 
P.I.W. de Bakker, M.J. Daly P.C. Sham (2007) PLINK: a tool set for whole-genome 
association and population-based linkage analyses. The American  Journal of Human 
Genetics. 81, 559-575. 
 
R Development Core Team. (2009). R: A Language and Environment for Statistical Computing. 
 
Ron, M., Y. Blanc, M. Band, E. Ezra, J.I. Weller. (1996) Misidentification Rate in the Israeli Dairy 
Cattle Population and Its Implications for Genetic Improvement. Journal of Dairy Science. 
79,  676-681. 
 
SAS - SAS Institute Inc. (2009) SAS/STAT® User’s Guide Version 9.2. 
 
Sodeland  M., M. Kent, B.J. Hayes, H. Grove, S. Lien (2011) Recent and historical recombination 
in the admixed Norwegian Red cattle breed. BMC Genomics. 12 33-33. 
 
Sölkner  J., Filipcic L., Hampshire N. (1998)  Genetic variability of populations and similarity of 
subpopulations in Austria cattle breeds determined by analysis of pedigrees. Animal Science 
67: 249–256. 
 
Van Raden , P.M. (2008) Efficient Methods to Compute Genomic Predictions. Journal of Dairy 
Science 91: 4414-4423.  
 
Wright S. 1922. Coefficients of Inbreeding and Relationship. The American Naturalist. 56: 330-
338. 
 
Yang J., Benyamin B., McEvoy B.P., Gordon S., Henders A.K., Nyholt D.R., Madden P.A., Heath 
A.C., Martin N.G., Montgomery G.W., Goddard M.E. & Visscher P.M. (2010) Common 
SNPs explain a large proportion of the heritability for human height. Nature Genetics 42, 
565-569. 
 
Yoder D.M., Lush J.L. (1937) A genetic history of the Brown Swiss cattle in the United States. 
Journal of Heredity 28, 154-160. 
